This study was an attempt to understand the factors influencing the heavy metal distribution in polluted fluvial system sediments. Various biogeochemical processes and anthropogenic factors were playing an important role in altering the concentration of heavy metals in the sediments. This paper has two objectives: The first one is to investigate the effect of the variation in the physicochemical conditions on the speciation of trace elements trapped in the sediments of the Sebou River. The second one is to study the kinetics mobilization of these heavy metals. Batch resuspension experiments were conducted in order to investigate the release of heavy metals from a polluted anoxic sediment submitted to different physicochemical conditions variations. It has been revealed that in oxygenated environment, sediments were oxidized which cause the release of some heavy metals, but their concentrations, as dissolved phase, were sustained constant or were increased with time. However, in acidic and anaerobic environment, most of the metallic trace elements were released together with the iron and the manganese, but some of these elements like chromium were precipitated. However, some of other elements were maintained in solution, which represents a real human health risk.
Introduction
The overuse of Moroccan water resources and their degradation cause a disturbing shortage, threatening the socioeconomic development of the country. The development of human and industrial activities has long pursued at the expense of watercourses, considering that they could withstand indefinitely any industrial or municipal discharges. The consequences of this kind of management are then severe: A significant degradation of water surface quality is induced and an accumulation of the contaminants in the sediments is noticed (case of Sebou River in Morocco). Moreover, in the case of reaching the toxic levels, the heavy metals can affect the benthic organism and the food chain, which cause an increase in human health damage for the local population . It is well known that heavy metals are the most dreaded contaminants of the pollutants (Du Laing et al. 2009 ), because of their toxicity, abundance, environmental persistence and their possible bioaccumulation (Bourgeault et al. 2011) . In fact, hypoxic conditions promote the extraction of a metal from its oxide and the increase in the dissolve fraction of some elements with numerous valence states like Fe and Mn (Duc et al. 2013) ; these heavy metals can be trapped in the sediments as various forms (linked to sulfides, carbonates, organic matter and oxyhydroxides) (Tessier et al. 1979) . They could be released in the dissolved phase and become biodisponible (Lafabrie et al.2013) , under the effect of the physicochemical conditions variations such as pH and dissolved oxygen (Kelderman and Osman 2007) . This phenomenon depends on the way in which the metals were stored in the sediments and how they were related in the mineralogical phase (Kelderman and Osman 2007) . When metals are released to the dissolved phase from suspended sediments, bioavailability probably increases and the risk to aquatic life is heightened (Cantwell et al. 2008 ). The total concentration of the heavy metals does not allow assessing the short-term environmental risks because they do not reflect their mobility, reactivity or bioavailability (Meers et al. 2005) . This is why the sediments represent a potential threat against the aquatic biota and water quality. Unfortunately, the Moroccan Water Directive (sediment contamination legislation) has not yet considered this compartment. This is why studying the distribution of dissolved elements and especially of heavy metals in sediments seems to be important; indeed, speciation influences the behavior of these contaminants in the aquatic environment, including transport, persistence, toxicity and bioavailability (Kramer et al. 1988) .
Sebou is the biggest river in Morocco with its 40,000 km2 catchment (Foudeil et al. 2013 ). This zone is the most populated (inhabitants of about 5.6 million) and contributes to 30% of the Moroccan potential surface water resources (Lamhasni et al. 2013) . However, the Sebou River is one of the most polluted rivers in Morocco (Azzaoui et al. 2002) . On its way, Sebou River crosses several cities and urban areas; among them, Fez is the most important [the subbasin of Fez alone generates 40% of pollution (Hayzoun et al. 2015) ]. The rapid development of the industrial and the artisanal activities, the rapid urbanization, the population growth (population of 1 million), the inadequacy of controlled waste management strategies and the waste treatment plants in Fez have increased the dangerous pollution problems of the Sebou River (Perrin et al. 2014) . According to Derwich et al. (2008) , 341 kg/d is the concentration of heavy metals daily, in which chromium is about 67%, and is discharged from Fez to Sebou River, noting that its water is used for irrigation purposes of some agricultural areas, which present a real risk to the Sebou River ecosystem. Previous studies have been focused on water quality by monitoring some physicochemical and bacteriological parameters (Koukal et al. 2007; Amri et al. 2007; Malki et al. 2008 ), but none of them has determined the speciation of those heavy metals in the sediments of Sebou River. The objective of this work is to investigate the factors affecting the speciation of heavy metal elements trapped in the sediments of the Sebou River and the mobilization kinetics study of these heavy metals. The method of the mobilization study was based on the simulation of mechanisms encountered in the water-sediment interface. The experiments were carried out in a reactor designed at the laboratory scale.
Materials and methods

Study area
The Sebou River is the biggest Moroccan river. It crosses approximately 600 km between its source at the Middle Atlas and the Atlantic. It can be divided into three distinct geomorphic catchments: the upper, the middle and the lower Sebou. The Sebou River originates from the Middle Atlas chain, which is characterized by a mild Mediterranean climate and predominantly calcareous-dolomitic bedrock. The mid-Sebou basin lies within the Rif and Prerif Mountains, characterized by an average altitude of 2000 m. The climate of the Fez region is semiarid to temperate in winter and hot in summer. The Fez River flows in an easterly direction from the springs of "Ras el Ma" to the Sebou River, 4 km downstream of Fez City. Sebou River plays a vital role in supplying water for drinking, irrigation and industry to the Sebou watershed (Hayzoun et al. 2014) .
Fez City (alone) generates 40% of the total impact of water quality on the Sebou River (Hassimi et al. 2016) . The studied area has a continental semiarid climate with cold winter and hot summer. The winter period, between October and April, is the rainy season, while the remaining months are mainly dry (Hayzoun et al. 2014) . The base flow of the river is around 17 m 3 s −1 (Mutin 2009 ). The geological characteristic of Sebou River watershed includes clays and calcareous formations of the middle Atlas Mountains. Samples studied in this work were selected along the Sebou River and its junction with the Fez River, where the principal vector of pollution is noted ( Fig. 1 
Measurement and sampling protocols
All materials in contact with the samples have been carefully decontaminated (24 h in HNO3) (Audry et al. 2010) . Samples were manually collected approximately at 10 cm below the surface of the sediment and transported in a refrigerator to the laboratory in a bottle decontaminated. Measurements of the physicochemical parameters [temperature, pH, dissolved oxygen (DO), electric conductivity (EC)] were performed in situ with a multi-probe (probe holder, standard, portable hach) calibrated before each campaign. For the determination of the total metal elements traces, all the sampling stations were dried at 80 °C, Then, they were crushed and sieved. After an aqua regia digestion procedure, the extracted liquid fraction was the subject of the later analysis; 10 ml of aqua regia mixture of HNO3 and HCl (in a 1/3 ratio) was added to 2 g of fresh sediments, wetted with a few ml of ultrapure water in a 100-ml round bottom flask. This solution was heated for 2 h. In addition, after cooling and filtration, the solution was analyzed by ICP-MS (inductively coupled plasma mass spectrometer).
A resuspension under a continuous oxygen diffusion was carried out in order to simulate the modification of the biogeochemical behavior of the metals trapped in anaerobic sediments with the physicochemical condition (oxygenation of the environment), conditions arising with big floods, withreleased water from upstream dams (sample of the station No. 5). The analysis of this sample loaded with metal elements, especially with Cr, Fe and Mn, was carried out in order to understand the mobility of these elements. The experiment consists in dispersing the fresh anaerobic sediment of Sebou River in oxygenated water (environment hardness), maintaining mixing by agitation and bubbling of air for 1 week. In order to limit the effect of evaporation, the reactor was placed in a closed chamber. A multi-probe (pH, oxygen, temperature) was placed in the reactor for a continuous monitoring of the physicochemical parameters. Daily filtrations (the filtrate is acidified with suprapure nitric acid for conservation) were performed prior to ICP-MS analyses of metals. A follow-up of sulfates and COD was also carried out; the same assembly used during the resuspension in oxygenated environment was reused under acidic conditions and nitrogen atmosphere in order to show the effect of the pH on the mobility of the metals elements traces. The environment of mobilization was acidified with ultrapure nitric acid, in order to reach first a pH of 5 and then a pH of 2. 
Results and discussion
Excepting the stations of reference where the dissolved oxygen rate was high, the other stations showed a clear anoxia (Table 1 ). In the Station No. 3 (downstream of Fez town), the electrical conductivity (EC) increased twice compared to the samples from the Station No. 1 (Table 1 ). The increase in the EC may be due to the discharge (industrialist, artisanal and urban) from Fez town wastewater, which is transferred to Fez River without any preliminary treatment (Koukal et al. 2004 ). In addition, the pH studied in the total hydrological network was basic, which is probably related to the calcareous nature of the watershed area ( Table 1 ). The total heavy metals contents in the sediments of Sebou River and its affluent the Fez River determined by digestion with aqua regia are represented in Table 1 , which shows a progressive enhancement of the sediments in several metals: chromium 415.7 µg/g, lead 148.1 µg/g, nickel 33.0 µg/g, in the downstream of Fez City. This enrichment is related to the discharge of the artisanal activities of Fez (tanneries and dinandery). According to Bouanani 1997 , daily flows of chromium are maintained in a range of 160-320 kg/d and conferring to Koukal et al. 2004 , the daily load of chromium is 400 kg/d and 100 kg/d of nickel. The longitudinal variations of the concentrations in metals elements traces were explained by the sediments texture; the fine elements often consist of organic matter, clay and colloids of iron, and characterized by a great capacity of metals fixation. On the other hand, this fixation is not definitive; if the physicochemical conditions of the sedimentary medium change (Ivone et al. 2002) , these deposits can become a real source of water contamination column by leading to the salting out of the trace element.
The measured concentrations of metals in the Station No. 2 and the Station No. 5: surface sediments (0-10 cm) were compared with those recorded in other rivers from various countries, including Morocco ( Table 2 ). The metal concentrations measured at Fez River were superior to those recorded in heavily polluted rivers such as the Deûle ) that received direct discharges from metallurgical industry in this area.
During a resuspension in oxygenated environment of anoxic sediments (sample Station No. 5), the dissolved oxygen concentration decreases significantly with time and was associated with an increase in the sulfate concentrations (Fig. 2) , resulted by sulfides oxidation. At the same time, the metal trace elements of Cr, As, Ni and Co were released by the oxidation of the Sebou River sediment (Fig. 3) . Their concentrations in the dissolved phase were increased with time. The release of these elements is related to the oxidation of the sulfides, which is probably responsible for the trapping of many metals in the sediments. This implies a risk of re-mobilization of the metal contaminants associated with the changes in the physicochemical conditions (Petersen et al. 1995) . The initial oxidation of sulfides is accompanied with the oxidation of Mn and the precipitation of Fe in the form of oxides. Zn follows the same behavior as Fe, which can be explained by the association of these elements in the form of oxide-hydroxides. A second phase of metals release takes place between one and three days, probably due to the oxidation of organic matter; this phenomenon was proved by the fact that oxygen concentration remains low while there is a continuous air bubbling. The concentration of all MTE (metal trace element) increases in solution and tends toward a stabilization, except for Zn, Cd and Cu which precipitate after one or two days in the form of oxides (Fig. 3) .
In acid pH, the MTE becomes more mobile because the metal compounds were solubilized and their adsorption is reduced on clays (Brin 2007) . During the study of the kinetics mobilization of the anaerobic sediments in acid environment (pH 5.5) (Fig. 4) , the elements Cr, As, Ni and Co were released in parallel with the release of Fe and Mn and were mobilized after 20 min; afterward, a slow re-precipitation was observed in the following minutes. For the elements Cu, Cd and Zn, a fast mobilization was noted, followed by a precipitation at the same time of the Fe and Mn elements. The oxidation of these two elements allows the fast trapping by the co-precipitation of the some elements (Cu, Cd and Zn). The mobilization of Zn in the second phase coincides with the one of Fe or Mn, followed by a rapid precipitation. The sediment immediately adsorbs Zn and this is why it is salted out again. The Fe-Mn oxide is the phase that actively absorbs certain trace element (Tessier et al., 1996) . The results of resuspension in a very acid medium showed that Fe and Mn start to be released significantly only from pH < 2 (80% exceed) (Fig. 5) . However, Cr, As, Ni, Zn and Co were released jointly with Fe and Mn and Cr was later re-precipitated.
Conclusions
In this study, water physicochemical parameters of Fez and Sebou Rivers were studied in order to evaluate their state. The results indicate that the sampling stations located downstream from the Fez City and the confluence between Fez and Sebou Rivers were polluted (low oxygen level and high MTE levels and especially Cr, Cu and Ni). The study of the resuspension of sediments of Sebou in downstream of Fez City (Station No. 5) confirmed that the sediments were not the final traps of the metal elements traces. Moreover, when the physicochemical conditions were changed, the majority of the MTE were mobilized in aqueous environment, mainly because of the oxidation of sulfides and because some metals like Cr have been re-precipitated quickly with the oxidation of iron and/or manganese. On the other hand, some other elements were maintained in solution, which represents a real human health risk. 
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